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Abstract 
Different organs of a host represent distinct microenvironments resulting in the establishment 
of multiple discrete bacterial communities within a host. These discrete bacterial 
communities can also vary according to geographical location. For the Pacific oyster, 
Crassostrea gigas, the factors governing bacterial diversity and abundance of different oyster 
microenvironments are poorly understood. In this study, the factors shaping bacterial 
abundance, diversity and composition associated with the C. gigas mantle, gill, adductor 
muscle, and digestive gland were characterised using 16S (V3-V4) rRNA amplicon 
sequencing across six discrete estuaries. Both location and tissue-type, with tissue-type being 
the stronger determinant, were factors driving bacterial community composition. Bacterial 
communities from wave-dominated estuaries had similar compositions and higher bacterial 
abundance despite being geographically distant from one another, possibly indicating that 
functional estuarine morphology characteristics are a factor shaping the oyster bacterial 
community. Despite the bacterial community heterogeneity, examinations of the core 
bacterial community identified Spirochaetaceae bacteria as conserved across all sites and 
samples. Whereas members of the Vulcaniibacterium, Spirochaetaceae and 
Margulisbacteria, and Polynucleobacter were regionally conserved members of the digestive 
gland, gill, and mantle bacterial communities respectively. This indicates that baseline 
bacterial community profiles for specific locations are necessary when investigating bacterial 
















In many marine plants and animals, the bacterial community is an important determinant of 
host health and physiology (Rosenberg et al., 2007, Tarnecki et al., 2017, Crump et al., 2018, 
Pita et al., 2018), with shifts in composition increasingly being linked to disease (De Lorgeril 
et al., 2018, King et al., 2019). These shifts in bacterial community composition are observed 
in a number of marine benthic organisms including tubeworms (Vijayan et al., 2019), corals 
(Woo et al., 2017, Marcelino et al., 2018) and seagrasses (Cúcio et al., 2016), and are driven 
by broad-scale external processes such as seasonal changes (Sharp et al., 2017), geographic 
location (Cúcio et al., 2016, Woo et al., 2017) and time (Vijayan et al., 2019). Despite the 
apparent inherent variability within bacterial communities, phylotypes are often conserved 
over large geographic scales (Ainsworth et al., 2015) and time periods (Aronson et al., 2017).  
A host organism’s bacterial community can also vary within an individual (Ainsworth et al., 
2015, Marcelino et al., 2018) due to distinct microenvironments represented by different host 
tissues or organs (Ainsworth et al., 2015, Crump et al., 2018, Marcelino et al., 2018). These 
host-associated (individual-scale) microenvironments may accommodate a range of 
ecological interactions between the host organism and its microbial consortia (Jensen et al., 
2007, Ainsworth et al., 2015, Brodersen et al., 2018, Marcelino et al., 2018), important for 
key physiological processes such as nitrogen fixation in seagrasses (Lehnen et al., 2016), 
nutrient uptake in corals (Ainsworth et al., 2015) and seagrasses (Harlin, 1973), and host 
defences in tunicates and sponges (Florez et al., 2015). Therefore, broad-scale and 
individual-scale processes act in concert to shape the host bacterial community. Henceforth, 
we will refer to seasons and locations as broad-scale influences and different tissues (or 












Among marine benthic organisms, there is growing evidence for the importance of the 
bacterial community in Crassostrea gigas (the Pacific Oyster) health, particularly within the 
context of disease dynamics  (Trabal et al., 2012, Wegner et al., 2013, Lemire et al., 2015, 
Lokmer & Wegner, 2015, Petton et al., 2015, Lokmer et al., 2016a, De Lorgeril et al., 2018, 
King et al., 2019). C. gigas is a significant contributor to aquaculture production and 
economic output representing one of the most heavily cultivated species globally. However, 
recurrent disease outbreaks in recent decades have compromised output (Burge et al., 2006, 
Soletchnik et al., 2007, Malham et al., 2009, Mortensen et al., 2016, Go et al., 2017). The 
factors governing the structure of the C. gigas bacterial community are poorly understood but 
emerging evidence suggests that the C. gigas bacterial community is dynamic and influenced 
by location (Lokmer et al., 2016a, Lokmer et al., 2016b), time (Lokmer et al., 2016a, Lokmer 
et al., 2016b) and genetics (Wegner et al., 2013). Additionally, within a given location at a 
specific time, the C. gigas bacterial community displays substantial heterogeneity among 
individuals (Lokmer et al., 2016b, King et al., 2019) and between different oyster tissues 
within individuals (Lokmer et al., 2016b).  
Understanding the factors governing the structure of the C. gigas bacterial community is 
important because there is evidence suggesting that the bacterial community is a factor in 
oyster disease dynamics (Wegner et al., 2013, Lokmer & Wegner, 2015, De Lorgeril et al., 
2018, Green et al., 2019, King et al., 2019). While these studies have provided evidence that 
the oyster bacterial community may be intimately involved in polymicrobial infection 
dynamics (Petton et al., 2015, De Lorgeril et al., 2018), there are limited culture-independent 
studies examining the bacterial community of C. gigas without the confounding influence of 
disease (Lokmer et al., 2016a, Lokmer et al., 2016b). Identifying a ‘healthy’ or ‘normal’ 












environmental factors) that influence its structure is essential when aiming to interpret its role 
in health including susceptibility to pathogens.  
We examined the bacterial community of four different oyster tissues across six different 
estuaries spanning four degrees of latitude along the eastern coastline of Australia (New 
South Wales, Australia). Our principal goals were to understand: (i) the spatial influence on 
bacterial community composition, (ii) the influence of oyster microenvironments (tissue 
types) on bacterial community assemblage and (iii) conservation of the oyster bacterial 
community across oyster microenvironments and locations. This information provides the 
foundation for disentangling the role of the bacterial community in both oyster health and 
disease. 
Methods 
Oyster collection sites and sampling 
To examine the spatial heterogeneity of oyster bacterial communities, C. gigas samples were 
collected from six oyster farms along the east coast of New South Wales (NSW), Australia 
(Figure 1), spanning a distance of approximately 470 kilometres. Starting from the 
southernmost location, the sampled environments included: The Wapengo lagoon, Clyde 
River, Shoalhaven River (Crookhaven river), Georges River, Hawkesbury River, and Port 
Stephens. The Clyde River is the largest producer of C. gigas representing 41 % of all oysters 
produced in NSW, followed by Port Stephens (27 %), the Hawkesbury River (9 %), and the 
Shoalhaven River (9 %) (DPI, 2019). All sampling locations are tide-dominated drowned 
valley estuaries (Roy et al., 2001), except for the Wapengo and Shoalhaven sites, which are 
wave-dominated barrier estuaries (Roy et al., 2001). Both estuary-types are characterised by 
high river flows but differ with the levels of marine flushing, with wave-dominated estuaries 












Ten adult oysters were collected from each of these sites during a six-day period in August 
2018. Samples were immediately frozen (-20 °C), transported to the laboratory in a portable 
freezer and stored at -20 °C prior to analysis.  
Extraction of DNA from different oyster tissues  
We examined the bacterial community associated with four different oyster tissue types, 
including the mantle, gill, adductor muscle, and digestive gland (inclusive of digestive 
diverticula). Ten oyster samples from each location were rinsed under running tap water to 
remove any external debris and mud. Thawed oysters were then shucked using sterile 
shucking knives and placed in sterile petri dishes. Oysters were weighed and approximately 
25 mg of each respective tissue was dissected and removed from each oyster sample with 
sterile scalpel blades. DNA was then extracted from the 240 individual tissue samples using 
the Qiagen DNeasy Blood and Tissue Kit (catalogue: 69506), as per the manufacturer’s 
instructions.  
Quantitative PCR (qPCR) 
To provide an indication of the bacterial abundance within each sample, we employed a 
quantitative PCR (qPCR) assay to quantify total 16S rRNA gene copies. An epMotion 5075l 
Automated Liquid Handling System integrated with a Bio-Rad CFX384 Touch Real-Time 
PCR Detection System was used to perform the analysis. All analyses were performed with 
three technical replicates with a standard curve and negative controls, using the following 
reaction mixture: 2.5 L iTaq Universal SYBR Green supermix, 0.2 L of each 10 M 
forward and 10 M reverse primer, 1 L of template DNA, and 1.1 L of sterile water. 
Bacterial abundance was quantified using the 16S rRNA specific primers BACT1369F 
(CGGTGAATACGTTCYCGG) and PROK1492R (GGWTACCTTGTTACGACTT) (Suzuki 












of 95 C for 30 seconds, 55 C for 30 seconds and 72 C for 30 seconds, generating a 142 bp 
product. The resulting data were normalised to tissue weight. A coefficient of variation (CV) 
was then calculated for the technical triplicates, and where necessary, samples with CV > 2 % 
had a replicate removed from the analysis. A melting curve was added to the end of every run 
to confirm the presence of a single PCR product. 
Oyster bacterial community analysis 
The microbial community composition of each oyster tissue was characterised with 16S 
rRNA amplicon sequencing, using the 341F (CCTACGGGNGGCWGCAG) and 805R 
(GACTACHVGGGTATCTAATCC) primer pair (Herlemann et al., 2011) targeting the V3-
V4 region of the 16S rRNA gene.  The PCR cycling conditions generating the 16S rRNA 
amplicons were as follows: 95 °C for 3 min, 25 cycles of 95 °C for 30 s, 55 °C for 30 s and 
72 °C for 30 s, and a final extension at 72 °C for 5 min. Sequencing was performed using the 
Illumina MiSeq platform at the Ramaciotti Centre for Genomics (University of New South 
Wales, Sydney, Australia). Raw data files in FASTQ format were deposited in NCBI 
Sequence Read Archive (SRA) under Bioproject number PRJNA551083. 
Raw demultiplexed data was processed using the Quantitative Insights into Microbial 
Ecology (QIIME 2 version 2018.6.0) pipeline (Bolyen et al., 2018). Briefly, paired-ended 
16S DNA sequences were imported using the ‘qiime tools import’ command. Sequences 
were then trimmed and denoised using DADA2 version 1.6, which also removes chimeras 
(Callahan et al., 2016). Taxonomy was then assigned at the single nucleotide level using the 
classify-consensus-vsearch qiime feature classifier against the Silva v132 database (Quast et 
al., 2013). Sequences identified at the single nucleotide threshold are henceforth denoted as 
ZOTUs (zero-radius OTUs; Edgar (2016)). For those ZOTUs with poor taxonomic 












was further cleaned by removing ZOTUs with less than 400 reads and those identified as 
chloroplasts or mitochondria. Cleaned data were then rarefied at 8,100 reads per sample 
corresponding to a threshold that permitted the inclusion of 5 or more replicate samples for 
every tissue type (217 remaining samples; Supplementary Table 1). 
Core bacterial community analysis 
To determine whether a core bacterial community was conserved for a given tissue type 
across all sampling environments, we used the panbiom.py analysis described in Kahlke 
(2017). The analysis was performed with the following parameters: abundance minimum of 
0.0 (-m parameter) and a replicate threshold corresponding to 80% (-r parameter)). A core 
ZOTU was defined as a ZOTU present in 80 % of the tested samples to account for outliers.  
Statistical analysis 
Alpha diversity measures, including species diversity (Shannon’s index), species evenness, 
and species richness (observed species) were calculated and compared in the QIIME 2 
statistical environment. Alpha diversity measures were compared between locations (15 tests) 
or between tissue-types (6 tests) using a Kruskal-Wallis test. Further, alpha diversity data 
were analysed with a linear mixed model generated in R using the lme function within the 
nlme package. Model fit was statistically tested using the anova.lme function within the nlme 
package. To compare community structure between sampling locations and tissue types, 
normalised data (square root (x)) were first compared using non-metric multidimensional 
scaling analysis (nMDS) with a Bray-Curtis similarity index. Microbial assemblages were 
subsequently compared using a one-way PERMANOVA with a Bray-Curtis similarity index 
to elucidate significant bacterial community patterns across tissue types and sampling 
locations. To identify the variance explained (R
2
) between statistical comparisons, adonis 












were driving the difference between locations and tissue types, a similarity percentage 
analysis (SIMPER) with a Bray-Curtis similarity index was used with data summarised at the 
genus level or at the ZOTU level. Comparisons of 16S rRNA gene copies (16S rRNA qPCR) 
were first performed with a Kruskal-Wallis statistical test followed by a Mann-Whitney 
pairwise test. All beta diversity (nMDS, PERMANOVA, and SIMPER) and qPCR 
comparisons were performed in the PAST statistical environment (Hammer et al., 2001). To 
account for multiple testing, uncorrected p-values were adjusted using the false discovery rate 
(Benjamini-Hochberg) to generate q-values. 
Results 
Patterns in Bacterial abundance inferred from 16S rRNA qPCR  
Estimates of bacterial abundance, as determined by qPCR of the 16S rRNA gene, were 
highest in oysters collected from the Shoalhaven and Wapengo sampling locations (Figure 2; 
Supplementary Table 2) and differed significantly between the other sampling locations 
(Kruskal-Wallis ANOVA; H = 87; p < 0.0001). Overall, the mantle tissue had the highest 
number of 16S rRNA gene copies compared to all other tissues (H = 40; p < 0.0001; 
Supplementary Table 3) with the mantle and gill tissues at each sampling location generally 
having higher 16S rRNA gene copies compared to the adductor muscle and digestive gland 
(Supplementary Table 4). The mantle and gill samples from Wapengo and Shoalhaven both 
had consistently higher numbers of 16S rRNA gene copies compared to all other tissues at all 
other sites except for the adductor muscle tissue at Shoalhaven (Supplementary File 2). 
Alpha diversity comparisons 
Species richness, evenness, and diversity were all significantly different between sampling 












= < 0.0001). Oyster bacterial communities from the Wapengo and Shoalhaven locations 
displayed the highest levels of species richness and diversity (Supplementary Table 5; 
Supplementary Figure 1; Supplementary File 2). Oyster bacterial communities from the 
Wapengo, Shoalhaven, and Hawkesbury River locations had the highest species evenness. In 
agreement, a linear mixed model identified Wapengo and Shoalhaven as having the highest 
species diversity and species richness, respectively (Supplementary File 2). In addition, the 
Hawkesbury river had the highest species evenness, closely followed by Wapengo and 
Shoalhaven (Supplementary File 2). 
All measured alpha diversity indices were also significantly different between tissue-types 
(richness H = 24, p = < 0.0001; evenness H = 17, p = 0.0008; diversity H = 28, p = < 0.0001). 
The digestive gland bacterial community displayed the highest levels of species richness 
(Supplementary Table 6). Species evenness was similar across the gill, adductor muscle, and 
digestive gland, but was significantly lower in the mantle. Similarly, the mantle tissue had the 
lowest levels of species diversity, with highest diversity levels within the digestive gland and 
gill (Supplementary Table 6). In agreement, linear mixed models identified the digestive 
gland tissue as having the highest species diversity and species richness (Supplementary File 
2). Further, no difference was observed with species evenness between the gill, adductor 
muscle and digestive gland tissues, but it was significantly lower in the mantle tissue 
(Supplementary File 2). 
Geographic location and tissue type are significant determinants of the C. gigas bacterial 
community 
The structure of the C. gigas bacterial community differed significantly according to both 
sampling location (one-way PERMANOVA; F = 11; p = 0.0001; R
2
 = 0.14) and the tissue 
type (F = 13.6; p = 0.0001; R
2












differences, clear partitioning of the microbial assemblages was not evident when all data 
was included in an nMDS analysis (stress 0.28; Supplementary File 2), highlighting the 
highly heterogenous nature of the oyster bacterial community. 
To further resolve the influence of tissue type or sampling environment on the oyster 
bacterial community structure we compared the bacterial communities of different tissue 
types within, and between, sampling environments. In the first instance, tissue-specific oyster 
bacterial communities differed significantly from each other within all locations (Figure 3; 
Clyde River F = 4.5, p = 0.0001, R
2
 = 0.18; Georges River F = 5, p = 0.0001, R
2
 = 0.15; 
Hawkesbury River F = 3.6, p = 0.0001, R
2
 = 0.18; Port Stephens F = 5.2, p = 0.0001, R
2
 = 
0.19; Shoalhaven F = 3.9, p = 0.0001, R
2
 = 0.18; Wapengo F = 3.9, p = 0.0001, R
2
 = 0.19). 
Notably, significant differences were identified between all pairwise comparisons between 
tissues within all sites (Supplementary File 2) implying a strong tissue-type influence on the 
oyster bacterial community.  
When using data summarised at the genus level, uncultured Spirochaetaceae bacteria were 
the strongest driver of tissue-specific bacterial community differences within sites (Figure 4), 
contributing 10.7 % to the dissimilarity between tissues (Table 3), primarily due to their over-
representation in the mantle tissue. Members of the Mycoplasma and Vulcaniibacterium 
genera were responsible for 6.1 % and 4.8 % of the dissimilarity contribution between 
tissues, primarily due to an overabundance of these genera in the digestive gland. Members 
of the Spirochaetaceae family and the Margulisbacteria phylum were responsible for 2.4 %, 
and 2.1 % of the bacterial community variability between tissues respectively, predominantly 
due to their over-representation in the gill tissue. Members of the Acidovorax genus 
accounted for 4.5 % of the bacterial community dissimilarity between tissues and were most 
abundant in adductor muscle and digestive gland bacterial communities. The 












types and were most abundant in the mantle. At the ZOTU level, the top eight contributors 
were ZOTUs assigned as uncultured Spirochaetaceae bacteria, which cumulatively 
contributed 11.24 % to the bacterial community dissimilarity and were all over-represented in 
the mantle tissue (Supplementary File 2). 
Tissue-specific bacterial communities differed significantly between sampling locations 
(Figure 3; Mantle F = 5.3, p = 0.0001, R
2
 = 0.17; Gill F = 4, p = 0.0001, R
2
 = 0.14; Adductor 
muscle F = 5.3, p = 0.0001, R
2
 = 0.21; Digestive gland F = 4.4, p = 0.0001, R
2
 = 0.20), 
further confirming the regional-scale spatial variability of the C. gigas bacterial community 
composition. However, when examining pairwise comparisons of specific tissues between 
individual locations, the mantle, gill, and digestive gland bacterial communities from 
Wapengo were not significantly different to the same tissue types at the Shoalhaven site 
(Supplementary File 2). These similarities are perhaps notable, given that the Wapengo and 
Shoalhaven sites are the only two sampled sites characterised as wave-dominated estuaries. 
Pairwise comparisons of adductor muscle bacterial communities from the tide-dominated 
estuaries were not significantly different between the Georges River site when compared to 
the Clyde River and Port Stephens sites. Further, the adductor muscle bacterial community 
from the Hawkesbury River was not significantly different to those from Port Stephens. As 
expected, these data suggest a regional influence on the oyster bacterial community 
composition, though it is notable that these large-scale differences in bacterial community 
structure were not as strong as the microenvironmental-scale, tissue-type influence. 
Uncultured Spirochaetaceae bacteria contributed to the greatest dissimilarity between oyster 
bacterial communities from different sampling locations, accounting for 10 % of the 
variability between sites, largely due to a relative over-abundance of these bacteria in the 
Clyde River, Georges River, Hawkesbury River, and Port Stephens (Table 4). Bacteria 












community variability between sites, driven by an over-representation in the Wapengo and 
Shoalhaven sampling location bacterial communities. At these sites, members of the 
Limnobacter and Pseudoxanthomonas genera were also over-represented, contributing 4.5 % 
and 4.1 % to the bacterial community dissimilarities, while they were completely absent, or 
in low abundance, at the other four sampling locations. Bacteria assigned to the Vibrio genus 
were over-represented in the adductor muscle and digestive gland bacterial communities at 
the Clyde River site, relative to all other locations, contributing 1.1 % of the dissimilarity 
between bacterial communities. Members of the SAR11 clade contributed 1 % to the 
dissimilarity between sites and were common across the Clyde River, Georges River, 
Hawkesbury River, and Port Stephens sites but were almost completely absent in the 
Wapengo and Shoalhaven sites. When examining ZOTU level SIMPER comparisons, the top 
seven contributors were ZOTUs assigned as uncultured Spirochaetaceae bacteria, which 
cumulatively contributed 9.8 % to the bacterial community dissimilarity and were all over-
represented in the tide-dominated estuaries (Supplementary File 2). 
Conservation of the C. gigas core bacterial community 
As the structure of the oyster bacterial community was governed by both the sampling 
location and tissue type, we sought to identify core bacterial communities for (i) all of the 
tested oyster bacterial communities regardless of tissue type or location (universal core 
bacterial community), (ii) each sampling location regardless of tissue type, and (iii) each 
tissue type regardless of location (Figure 5). When including all samples in the core analysis, 
several ZOTUs assigned to an uncultured Spirochaetaceae (ZOTUs 04655, 29fe1, fe651, 
3bb6f, 295f6, 80d03, 1986e, and a9435) were characterised as members of the ‘universal’ 
core bacterial community, whereby they were found in at least 80% of all tested samples, 












The oyster bacterial communities from the Wapengo and Shoalhaven sampling locations 
harboured a distinct core bacterial community relative to the other sampling sites. This 
(Wapengo-Shoalhaven) core bacterial community was consistent across all tissue types and 
included ZOTUs assigned to the Acidovorax (ZOTUs f83c7 and e7d4f), Vulcaniibacterium 
(ZOTUs eaa6d and 6b014), Pseudoxanthomonas (ZOTU 39c33), Limnobacter (ZOTUs 
35f52 and 0d183), and Sphingomonas (ZOTU 03a2c) genera.  
Individual tissues were also found to harbour unique core bacteria. In addition to the 
Spirochaetaceae ZOTUs identified in the universal core bacterial community, the mantle and 
gill tissues consisted of other uncultured Spirochaetaceae bacteria (ZOTUs ecd55 and 922bd; 
ZOTUs b51b6 and a4b53 respectively). No additional core ZOTUs were identified in the 
adductor muscle bacterial community. No core bacterial community was identified for the 
digestive gland, however, slightly relaxing the core analysis parameters from 80% (present in 
40/50 samples) to 78% (present in 39/50 samples) allowed for the inclusion of ZOTUs 
classified as members of the Vulcaniibacterium (ZOTUs eaa6d and 6b014) and Delftia 
(ZOTUs b37a8 and 75c38) within the core bacterial community of the digestive gland. 
Discussion 
Our principal aim was to characterise the C. gigas bacterial community from four different 
oyster tissues in oysters collected from six different estuaries to understand the influence of 
space and tissue microenvironments on the oyster bacterial community assemblage. Location 
and oyster tissue type were significant determinants of the oyster microbial assemblage, 
although similarities in bacterial community structure were observed between geographically 
distant locations with similar estuary characteristics. Despite the observed oyster bacterial 
community heterogeneity, conserved members, such as ZOTUs assigned to the 












Both location and tissue type influence the oyster bacterial community assemblage 
Geographic location has previously been found to influence the haemolymph, mantle, gill 
(Lokmer et al., 2016a, Lokmer et al., 2016b) and disease-affected adductor muscle bacterial 
communities (King et al., 2019). Consistent with these studies, we observed a significant 
effect of location on the oyster bacterial community. However, bacterial community 
similarities between the mantle, gill, and digestive gland bacterial communities from 
Shoalhaven and Wapengo locations (wave-dominated estuaries), and between the adductor 
muscle bacterial communities at the remainder of the sampling locations (tide-dominated 
estuaries) over large geographic distances, suggests that geographic location is only one 
factor driving heterogeneity in the bacterial community. These data suggest that estuary-type 
influences the bacterial community composition and should be considered when examining 
patterns in bacterial community heterogeneity between individuals. The oyster bacterial 
community assemblage was also influenced by the oyster tissue, with each tissue harbouring 
a unique microbial consortia, as previously observed (Lokmer et al., 2016b). This pattern was 
observed for all pairwise comparisons within all locations, suggesting that tissue-type is a 
stronger driver of bacterial community composition than geographic location.  
Estuary properties and their potential influence on the oyster bacterial community 
Similarities between the bacterial communities from the Wapengo and Shoalhaven sites were 
surprising, given the distance between sampling sites (approximately 200 km). These two 
sites shared a core bacterial community not observed in any other sampling locations, and 
displayed no significant bacterial community differences between the mantle, gill, and 
digestive gland bacterial communities. With members of the Vulcaniibacterium, Limnobacter 
and Pseudoxanthomonas genera representing the predominate taxa driving the differences 












Shoalhaven site has a catchment size of 7, 500 km
2
 (Roy et al., 2001), with approximately 35 
% of the catchment used for agricultural purposes (OceanWatch-Australia, 2017). In contrast, 
Wapengo has a significantly smaller catchment of 73 km
2
 (Roy et al., 2001) but a similar 
level of agricultural usage at 20 % (OceanWatch-Australia, 2010). Both sites have a high 
proportion of forest/undisturbed area with approximately 50 % of the catchment at the 
Shoalhaven site and 70 % at the Wapengo site (OceanWatch-Australia, 2010, OceanWatch-
Australia, 2017). As both sampling locations are shallow wave-dominated estuaries (Roy et 
al., 2001), it is possible that the reduced marine flushing and high river flow introduces more 
soil-associated microbes into the water column from the river, which settle and allow the 
oysters to consume them. This could explain the higher relative abundance of soil associated 
microbes (i.e. Vulcaniibacterium and Pseudoxanthomonas bacteria) (Yoo et al., 2007, Young 
et al., 2007, Wei et al., 2012, Yu et al., 2013) and a higher general abundance of microbes 
(16S rRNA gene counts) at these sites compared to the other tide-dominated locations and 
may explain the similarities in bacterial community composition between them. The efficient 
marine flushing of tide-dominated estuaries could also explain the higher abundance of the 
SAR11 clade in these sites. Future studies should aim to characterise the involvement of 
marine flushing and river flow on the oyster bacterial community, and whether carry-over 
from taxa in the soil have implications for oyster health. 
Of the sampled locations, the Clyde River represents the most ‘pristine’ environment (Rubio 
et al., 2008). The Clyde River catchment spans an area of 1, 791 km
2
 (Roy et al., 2001), of 
which, 95 % comprises of forest/undisturbed area and 4 % for agricultural/rural usage 
(Cavanagh et al., 2004). Previous studies comparing the Shoalhaven and Clyde River 
identified that oysters grown in the Shoalhaven grew approximately 27 % faster than the 
counterparts in the Clyde River (Rubio et al., 2008). Increased growth rates in the 












temperature (Rubio et al., 2008). Bacterial communities from the Clyde River were 
dominated by uncultured Spirochaetaceae bacteria, and the adductor muscle and digestive 
gland bacterial communities at this site were markedly over-represented by Vibrio bacteria 
when compared to all other locations. The reduced growth rate and lower nutrient loads could 
act as a stressor for oysters at the Clyde River site, possibly allowing Vibrios to colonise and 
proliferate (Lemire et al., 2015, Bruto et al., 2017, De Lorgeril et al., 2018, King et al., 
2019). 
Oyster tissue bacterial community heterogeneity 
Given the conservation of bacterial communities associated with specific tissues across 
geographically discrete locations, it is likely that the type of oyster tissue is a stronger driver 
of bacterial community composition than geographic location. Several ZOTUs were most 
responsible for driving the differences between tissue-types and may be important in tissue-
specific processes. Of these, ZOTUs classified as members of the Mycoplasma and 
Vulcaniibacterium genera were over-represented in the digestive gland. Mycoplasma are 
commonly identified in the oyster digestive system (Green & Barnes, 2010, King et al., 
2012), but the Vulcaniibacterium genus is a newly described group and only includes two 
species (Yu et al., 2013). Members of the Spirochaetaceae family and the Margulisbacteria 
phylum were over-represented in the gill. While we observed a strong connection between 
spirochaete taxa and the gill bacterial community, there are conflicting reports with previous 
studies often observing these taxa in the oyster digestive gland (Green & Barnes, 2010), 
oyster homogenates (Fernandez-Piquer et al., 2012) or the adductor muscle (King et al., 
2019, King et al., 2019). This is likely due to the high taxonomic classification of the 
Spirochaetaceae family, as it could represent a diverse range of different oyster-associated 
microbes. Further, little is known about the Margulisbacteria phylum however, a previous 












spirochaete bacteria in termite guts (Utami et al., 2019) possibly explaining their co-
dominance with bacteria assigned to the Spirochaetaceae family in the oyster gill bacterial 
community. Bacteria assigned to the Polynucleobacter genus and an uncultured 
Spirochaetaceae were over-represented in the mantle. Polynucleobacter species have 
previously been observed in oyster homogenate bacterial communities (Fernandez-Piquer et 
al., 2012), this genus contains both obligate endosymbionts of ciliates (Heckmann & 
Schmidt, 1987, Vannini et al., 2005) and planktonic bacteria (Hahn et al., 2010). Finally, 
members of the Acidovorax genus were over-represented in the adductor muscle and 
digestive gland bacterial communities. Members of the Acidovorax have been isolated from a 
diverse range of environments including soil (Chaudhary & Kim, 2018), water (Pal et al., 
2018), and from cyanobacterial blooms (Chun et al., 2017). 
Conservation of Spirochaete ZOTUs across sampling environments and tissue types 
Despite the significant heterogeneity in the oyster bacterial community across environments 
and tissue types, we did identify core taxa associated with all locations and tissue types. 
Several ZOTUs, classified as Spirochaetaceae bacteria were consistent members of the C. 
gigas core bacterial community across all sites and tissues. Blasting the representative 
sequences for these ZOTUs, identified these uncultured spirochaete bacteria previously in C. 
gigas in Tasmania, Australia (Fernandez-Piquer et al., 2012), as well as in C. gigas in 
Germany and the Netherlands (Lokmer et al., 2016a), and in Saccostrea glomerata in 
Queensland, Australia (Green & Barnes, 2010), indicating a very wide geographical 
distribution of these core oyster associates. Furthermore, we previously identified these 
bacteria as members of the core bacterial community in Port Stephens oyster bacterial 
communities (OTUs 32677 and 24319 (King et al., 2019)), although these organisms were 
assigned as members of the Brachyspiraceae family. This discrepancy is likely attributed to 












SILVA database in this study. We also previously found it associated with OsHV-1 disease-
resistant oysters (OTU 4737 (King et al., 2019)). Apart from its presence in different oyster 
bacterial community datasets across different countries and locations within Australia, little is 
known about these bacteria. Future studies should attempt to further phylogenetically 
characterise these bacteria and identify their potential functional role(s) within C. gigas. 
Conclusions 
Emerging evidence suggests that the oyster bacterial community is dynamic, shaped by a 
range of broad- and individual-scale processes however, elements such as estuarine 
morphology and hydrodynamics have yet to be considered as influencing the bacterial 
community. Our analysis revealed that the structure of the C. gigas microbial assemblage is 
governed by both geographic location and tissue type, with bacterial communities derived 
from wave-dominated estuaries exhibiting similar bacterial community assemblages despite 
large geographic separation, with a predominance of soil/particulate-associated bacteria 
within these bacterial communities. Given the dynamic nature of oyster bacterial 
communities, our understanding of whether the oyster bacterial community has conserved 
elements across regions or microenvironments is lacking. We revealed a core bacterial 
community within individual tissue-types, and a universal core bacterial community 
consisting of uncultured Spirochaetaceae, as conserved across all sampling locations and 
tissue types. This finding was strengthened by the presence of this taxa in other previously 
published oyster bacterial community datasets. Due to the dynamic nature of the bacterial 
community, and the strong effect of location and tissue-type on the oyster bacterial 
community, it is difficult to interpret disease-affected bacterial communities based on oyster 
bacterial communities from different locations or tissues. Instead, future studies should aim 
to characterise the healthy bacterial communities of oysters for the specific location where 












temporal bacterial community patterns with sufficient sampling resolution during baseline 
‘healthy’ periods can be used to examine seasonal bacterial community variability before 
disease periods. 
Data availability 
All raw sequencing data in FASTQ format were deposited in the NCBI Sequence Read 
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Acknowledgments 
This research was supported by an Australian Research Council Linkage Project 
(LP160101785) to JRS and ML; a Cooperative Research Centre Project (CRC-P 2016-805; 
Future Oysters), led by the Australian Seafood Industry Pty Ltd in partnership with a number 
of Australian research organisations; and Ausgem, a research partnership initiated between 
the University of Technology Sydney and the New South Wales Department of Primary 
Industries. 
Author contributions 
WK and NS processed the samples. WO’C and MD collected the samples. WK, NS and KM 
analysed the data. CJ, MD, WO’C, JS, and ML designed the study. TK produced the core 
bacterial community analysis. WK, JS, and ML wrote the manuscript. 
Competing interests 
The authors declare that the research was conducted in the absence of any competing 
interests, including commercial or financial relationships that could be construed as a 















Ainsworth TD, Krause L, Bridge T, et al. (2015) The coral core microbiome identifies rare 
bacterial taxa as ubiquitous endosymbionts. ISME J 9: 2261-2274. 
Aronson HS, Zellmer AJ & Goffredi SK (2017) The specific and exclusive microbiome of 
the deep-sea bone-eating snail, Rubyspira osteovora. FEMS Microbiol Ecol 93. 
Bolyen E & Rideout JR & Dillon MR, et al. (2018) QIIME 2: Reproducible, interactive, 
scalable, and extensible microbiome data science. PeerJ Preprints 6: e27295v27291. 
Brodersen KE, Siboni N, Nielsen DA, Pernice M, Ralph PJ, Seymour J & Kühl M (2018) 
Seagrass rhizosphere microenvironment alters plant-associated microbial community 
composition. Environ Microbiol 20: 2854-2864. 
Bruto M, James A, Petton B, Labreuche Y, Chenivesse S, Alunno-Bruscia M, Polz MF & Le 
Roux F (2017) Vibrio crassostreae, a benign oyster colonizer turned into a pathogen after 
plasmid acquisition. ISME J 11: 1043-1052. 
Burge CA, Griffin FJ & Friedman CS (2006) Mortality and herpesvirus infections of the 
Pacific oyster Crassostrea gigas in Tomales Bay, California, USA. Dis Aquatic Org 72: 31-
43. 
Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA & Holmes SP (2016) 
DADA2: High-resolution sample inference from Illumina amplicon data. Nature methods 13: 
581-583. 
Cavanagh D, Spurway P & McAlister T (2004) Batemans Bay and Clyde River Estuary 
Management Study. p.^pp. 07/03/2019. Eurobodalla Shire Council. 
Chaudhary DK & Kim J (2018) Acidovorax monticola sp. nov., isolated from soil. Antonie 
van Leeuwenhoek, International Journal of General and Molecular Microbiology 111: 1925-
1934. 
Chun SJ, Cui Y, Ko SR, Lee HG, Srivastava A, Oh HM & Ahn CY (2017) Acidovorax 












sp.). Antonie van Leeuwenhoek, International Journal of General and Molecular 
Microbiology 110: 1199-1205. 
Crump BC, Wojahn JM, Tomas F & Mueller RS (2018) Metatranscriptomics and amplicon 
sequencing reveal mutualisms in seagrass microbiomes. Front Microbiol 9. 
Cúcio C, Engelen AH, Costa R & Muyzer G (2016) Rhizosphere Microbiomes of European 
Seagrasses Are Selected by the Plant, But Are Not Species Specific. Front Microbiol 7: 440-
440. 
De Lorgeril J, Lucasson A, Petton B, et al. (2018) Immune-suppression by OsHV-1 viral 
infection causes fatal bacteraemia in Pacific oysters. Nat Commun 9: 4215. 
DPI (2019) Aquaculture Production Report 2017-2018. NSW Department of Primary 
Industries. 
Edgar RC (2016) UNOISE2: improved error-correction for Illumina 16S and ITS amplicon 
sequencing. bioRxiv 081257. 
Fernandez-Piquer J, Bowman JP, Ross T & Tamplin ML (2012) Molecular analysis of the 
bacterial communities in the live Pacific oyster (Crassostrea gigas) and the influence of 
postharvest temperature on its structure. J Appl Microbiol 112: 1134-1143. 
Florez LV, Biedermann PH, Engl T & Kaltenpoth M (2015) Defensive symbioses of animals 
with prokaryotic and eukaryotic microorganisms. Nature Product Reports 32: 904-936. 
Go J, Deutscher A, Spiers Z, Dahle K, Kirkland P & Jenkins C (2017) An investigation into 
mass mortalities of unknown aetiology in Pacific oysters, Crassostrea gigas, in Port 
Stephens, New South Wales, Australia. Dis Aquatic Org 125: 227-242. 
Green TJ & Barnes AC (2010) Bacterial diversity of the digestive gland of Sydney rock 
oysters, Saccostrea glomerata infected with the paramyxean parasite, Marteilia sydneyi. J 
Appl Microbiol 109: 613-622. 
Green TJ, Siboni N, King WL, Labbate M, Seymour JR & Raftos D (2019) Simulated Marine 
Heat Wave Alters Abundance and Structure of Vibrio Populations Associated with the 












Hahn MW, Lang E, Brandt U, Lunsdorf H, Wu QL & Stackebrandt E (2010) 
Polynucleobacter cosmopolitanus sp. nov., free-living planktonic bacteria inhabiting 
freshwater lakes and rivers. Int J Syst Evol Microbiol 60: 166-173. 
Hammer Ø, Harper DAT & Ryan PD (2001) Past: Paleontological statistics software package 
for education and data analysis. Palaeontol Electron 4. 
Harlin MM (1973) Transfer of products between epiphytic marine algae and host plants. 
Journal of Phycology 9: 243-248. 
Heckmann K & Schmidt HJ (1987) Polynucleobacter necessarius gen. nov., sp. nov., an 
obligately endosymbiotic bacterium living in the cytoplasm of Euplotes aediculatus. Int J 
Syst Evol Microbiol 37: 456-457. 
Herlemann DP, Labrenz M, Jurgens K, Bertilsson S, Waniek JJ & Andersson AF (2011) 
Transitions in bacterial communities along the 2000 km salinity gradient of the Baltic Sea. 
ISME J 5: 1571-1579. 
Jensen SI, Kuhl M & Prieme A (2007) Different bacterial communities associated with the 
roots and bulk sediment of the seagrass Zostera marina. FEMS Microbiol Ecol 62: 108-117. 
Kahlke T (2017) Panbiom. https://githubcom/timkahlke/panbiom. 
King GM, Judd C, Kuske CR & Smith C (2012) Analysis of stomach and gut microbiomes of 
the eastern oyster (Crassostrea virginica) from coastal Louisiana, USA. PLoS ONE 7. 
King WL, Jenkins C, Seymour JR & Labbate M (2019) Oyster disease in a changing 
environment: Decrypting the link between pathogen, microbiome and environment. Mar 
Environ Res 143: 124-140. 
King WL, Jenkins C, Go J, Siboni N, Seymour JR & Labbate M (2019) Characterisation of 
the Pacific oyster microbiome during a summer mortality event. Microb Ecol 77: 502-512. 
King WL, Siboni N, Williams NLR, Kahlke T, Nguyen KV, Jenkins C, Dove M, O’Connor 
W, Seymour JR & Labbate M (2019) Variability in the composition of Pacific Oyster 
microbiomes across oyster families exhibiting different levels of susceptibility to OsHV-1 












Lehnen N, Marchant HK, Schwedt A, et al. (2016) High rates of microbial dinitrogen 
fixation and sulfate reduction associated with the Mediterranean seagrass Posidonia 
oceanica. Syst Appl Microbiol 39: 476-483. 
Lemire A, Goudenege D, Versigny T, Petton B, Calteau A, Labreuche Y & Le Roux F (2015) 
Populations, not clones, are the unit of vibrio pathogenesis in naturally infected oysters. 
ISME J 9: 1523-1531. 
Lokmer A & Wegner KM (2015) Hemolymph microbiome of Pacific oysters in response to 
temperature, temperature stress and infection. ISME J 9: 670-682. 
Lokmer A, Goedknegt MA, Thieltges DW, Fiorentino D, Kuenzel S, Baines JF & Wegner 
KM (2016a) Spatial and temporal dynamics of Pacific oyster hemolymph microbiota across 
multiple scales. Front Microbiol 7: 1367. 
Lokmer A, Kuenzel S, Baines JF & Wegner KM (2016b) The role of tissue-specific 
microbiota in initial establishment success of Pacific oysters. Environ Microbiol 18: 970-987. 
Malham SK, Cotter E, O'Keeffe S, Lynch S, Culloty SC, King JW, Latchford JW & 
Beaumont AR (2009) Summer mortality of the Pacific oyster, Crassostrea gigas, in the Irish 
Sea: The influence of temperature and nutrients on health and survival. Aquaculture 287: 
128-138. 
Marcelino VR, Van Oppen MJH & Verbruggen H (2018) Highly structured prokaryote 
communities exist within the skeleton of coral colonies. ISME J 12: 300-303. 
Mortensen S, Strand A, Bodvin T, Alfjorden A, Skar CK, Jelmert A, Aspán A, Sælemyr L, 
Naustvoll LJ & Albretsen J (2016) Summer mortalities and detection of ostreid herpesvirus 
microvariant in Pacific oyster Crassostrea gigas in Sweden and Norway. Dis Aquatic Org 
117: 171-176. 
OceanWatch-Australia (2010) Wapengo Lake Oyster Growers Environmental Management 
System Vol. 2019 p.^pp. Australian Government. 
OceanWatch-Australia (2017) Case Study: 1. The Shoalhaven River Catchment. Vol. 2019 












Pal D, Kaur N, Sudan SK, Bisht B, Krishnamurthi S & Mayilraj S (2018) Acidovorax kalamii 
sp. Nov., isolated from a water sample of the river Ganges. Int J Syst Evol Microbiol 68: 
1719-1724. 
Petton B, Bruto M, James A, Labreuche Y, Alunno-Bruscia M & Le Roux F (2015) 
Crassostrea gigas mortality in France: The usual suspect, a herpes virus, may not be the 
killer in this polymicrobial opportunistic disease. Front Microbiol 6. 
Pita L, Rix L, Slaby BM, Franke A & Hentschel U (2018) The sponge holobiont in a 
changing ocean: from microbes to ecosystems. Microbiome 6: 46. 
Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J & Glöckner FO 
(2013) The SILVA ribosomal RNA gene database project: improved data processing and 
web-based tools. Nucleic Acids Research 41: D590-D596. 
Rosenberg E, Koren O, Reshef L, Efrony R & Zilber-Rosenberg I (2007) The role of 
microorganisms in coral health, disease and evolution. Nat Rev Microbiol 5: 355-362. 
Roy PS, Williams RJ, Jones AR, Yassini I, Gibbs PJ, Coates B, West RJ, Scanes PR, Hudson 
JP & Nichol S (2001) Structure and Function of South-east Australian Estuaries. Estuar 
Coast Shelf Sci 53: 351-384. 
Rubio A, White I & Ford P (2008) The Dynamic and Distribution of Food Supplies for the 
Sydney rock oyster in southern NSW estuaries. Fisheries Research & Development 
Corporation Technical report 2004/224. 
Sharp KH, Pratte ZA, Kerwin AH, Rotjan RD & Stewart FJ (2017) Season, but not symbiont 
state, drives microbiome structure in the temperate coral Astrangia poculata. Microbiome 5: 
120. 
Soletchnik P, Ropert M, Mazurié J, Gildas Fleury P & Le Coz F (2007) Relationships 
between oyster mortality patterns and environmental data from monitoring databases along 
the coasts of France. Aquaculture 271: 384-400. 
Suzuki MT, Taylor LT & DeLong EF (2000) Quantitative Analysis of Small-Subunit rRNA 













Tarnecki AM, Burgos FA, Ray CL & Arias CR (2017) Fish intestinal microbiome: diversity 
and symbiosis unravelled by metagenomics. J Appl Microbiol 123: 2-17. 
Trabal N, Mazon-Suastegui JM, Vazquez-Juarez R, Asencio-Valle F, Morales-Bojorquez E 
& Romero J (2012) Molecular analysis of bacterial microbiota associated with oysters 
(Crassostrea gigas and Crassostrea corteziensis) in different growth phases at two 
cultivation sites. Microb Ecol 64: 555-569. 
Utami YD, Kuwahara H, Igai K, et al. (2019) Genome analyses of uncultured TG2/ZB3 
bacteria in 'Margulisbacteria' specifically attached to ectosymbiotic spirochetes of protists in 
the termite gut. ISME J 13: 455-467. 
Vannini C, Petroni G, Verni F & Rosati G (2005) Polynucleobacter bacteria in the brackish-
water species Euplotes harpa (Ciliata Hypotrichia). Journal Eukaryotic Microbiology 52: 
116-122. 
Vijayan N, Lema KA, Nedved BT & Hadfield MG (2019) Microbiomes of the polychaete 
Hydroides elegans (Polychaeta: Serpulidae) across its life-history stages. Marine Biology 
166: 19. 
Wegner KM, Volkenborn N, Peter H & Eiler A (2013) Disturbance induced decoupling 
between host genetics and composition of the associated microbiome. BMC Microbiol 13. 
Wei DQ, Yu TT, Yao JC, Zhou EM, Song ZQ, Yin YR, Ming H, Tang SK & Li WJ (2012) 
Lysobacter thermophilus sp. nov., isolated from a geothermal soil sample in Tengchong, 
south-west China. Antonie van Leeuwenhoek, International Journal of General and 
Molecular Microbiology 102: 643-651. 
Woo S, Yang S-H, Chen H-J, et al. (2017) Geographical variations in bacterial communities 
associated with soft coral Scleronephthya gracillimum. PLoS ONE 12: e0183663-e0183663. 
Yoo SH, Weon HY, Kim BY, Kim JH, Baek YK, Kwon SW, Go SJ & Stackebrandt E (2007) 
Pseudoxanthomonas yeongjuensis sp. nov., isolated from soil cultivated with Korean 












Young CC, Ho MJ, Arun AB, Chen WM, Lai WA, Shen FT, Rekha PD & Yassin AF (2007) 
Pseudoxanthomonas spadix sp. nov., isolated from oil-contaminated soil. Int J Syst Evol 
Microbiol 57: 1823-1827. 
Yu TT, Zhou EM, Yin YR, Yao JC, Ming H, Dong L, Li S, Nie GX & Li WJ (2013) 
Vulcaniibacterium tengchongense gen. nov., sp. nov. isolated from a geothermally heated soil 
sample, and reclassification of Lysobacter thermophilus Wei et al. 2012 as Vulcaniibacterium 
thermophilum comb. nov. Antonie van Leeuwenhoek, International Journal of General and 















Figure 1: Sampling locations across New South Wales, Australia. Ten adult oysters from 
each location were sampled for bacterial community characterisation (see Supplementary File 
















Figure 2: 16S rRNA copy number of oysters and their tissues. Data are average 16S rRNA 
counts per milligram of tissue with standard error. A) 16S rRNA counts per location. B) 16S 
rRNA counts per tissue type. C) 16S rRNA counts for each tissue at each location. 
Significant comparisons are denoted by different letters. Displayed comparisons for section 
















Figure 3: nMDS plots of oyster tissue-type bacterial communities at individual locations 
(panel 1) and at different locations (panel 2). For panel 1: Clyde River = purple, Hawkesbury 
River = red, Georges River = green, Port Stephens = blue, Shoalhaven = orange, and 
Wapengo = grey. For panel 2: Mantle tissues = purple, gill tissues = green, adductor muscle 
tissues = red, and digestive gland tissues = blue. Stress values are provided in the lower right 















Figure 4: Summarised oyster bacterial communities at the genus level, across six sampling 
locations and four sampled tissues. Tissues are labelled as: Mt = mantle, Gl = gill, Am = 
adductor muscle and Dg = digestive gland. Top 15 summarised genera are shown with the 















Figure 5: Presence/absence heatmap of taxa identified as the core bacterial community. Dark 
blue boxes represent the presence of a core taxa. Core bacterial community analyses were 
performed using i) all samples regardless of location or tissue, ii) individual sites regardless 
of tissue and iii) individual tissues regardless of location. All = All samples were included in 
the analysis, CR = Clyde River, GR = Georges River, HR = Hawkesbury River, PS = Port 
Stephens, SH = Shoalhaven, and WA = Wapengo. Mt = mantle, Gl = gill, Am = adductor 
















Table 1: One-way PERMANOVA pairwise comparisons between sampling locations, including the q-
value, F-value and R2 value (adonis) 
Location Clyde river Georges river Hawkesbury 
river 
Port Stephens Shoalhaven 
Georges river 0.0003; 3.9; 
0.06 
    




   
Port Stephens 0.0005; 5.3; 
0.1 
0.028; 2; 0.05 0.001; 3.6; 
0.06 
  


































Table 2: One-way PERMANOVA pairwise comparisons between tissue types, including the q-value, F-
value and R2 value (adonis) 
Tissue type Mantle Gill Adductor muscle 
Gill 0.0006; 12.7; 0.11   
Adductor muscle 0.0003; 8.7; 0.09 0.0002; 9.5; 0.09  















Table 3: SIMPER analysis between grouped tissue types using data summarised to the genus level, 















10.71 74 48.8 47.4 10.5 
Mycoplasma genus 6.068 0.30 0.63 4.33 26.6 
Vulcaniibacterium 
genus 
4.797 2.87 3.43 7.59 12.2 
Acidovorax genus 4.466 2.39 3.5 8.91 8.61 
Limnobacter genus 3.889 2.17 3.74 5.64 5.19 
Pseudoxanthomonas 
genus 
3.651 1.67 2.19 4.22 6.68 
Polynucleobacter 
genus 
3.36 6.51 1.71 1.87 0.45 
Spirochaetaceae family 2.426 0.025 5.63 0.053 0.13 
Delftia genus 2.426 0.19 0.70 2.17 2.83 
Sphingomonas genus 2.407 0.70 1.18 1.9 2.41 














Table 4: SIMPER analysis between grouped sampling locations using data summarised to the genus 
level, including the taxa, dissimilarity contribution, and the mean abundance (%) for that location. CR 
is Clyde river, GR is the Georges river, HR is the Hawkesbury river, SH is the Shoalhaven site, PS is the 























9.966 59.1 60.4 43.4 59.6 24.5 33 
Mycoplas
ma genus 




5.164 0 1.26 4.38 2.89 13.7 14.3 
Acidovor
ax genus 
4.71 0 2.51 11.3 6.06 8.28 7.39 
























2.714 0.053 0.032 0.056 0.045 4.03 4.15 
Delftia 
genus 
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